Skeletal muscle respiratory capacity, endurance, and glycogen utilization.
Am. J. Physiol. 228(4) : 1029-1033. 1975.-This study was undertaken to evaluate the relationship between physical performance capacity and the mitochondrial content of skeletal muscle. Four groups of rats were trained by means of treadmill running 5 days/wk for 13 wk. One group ran 10 min/day, a second group ran 30 min/day, a third group ran 60 min/day, and a fourth group ran 120 min/day. The magnitude of the exercise-induced adaptive increase in gastrocnemius muscle respiratory capacity varied over a twofold range in the four groups. There were significant correlations between the levels of three mitochondrial markers (cytochrome c, citrate synthase, respiratory capacity) in the animals' gastrocnemius muscles and the duration of a run to exhaustion. There was also a significant correlation between the amounts of glycogen remaining in liver and skeletal muscle after a 30-min-long exercise test and the respiratory capacity of the animal's leg muscles. These findings are compatible with the interpretation that a close relationship exists between skeletal muscle mitochondrial content and the capacity to perform endurance exercise. treadmill running; cytochrome c; citrate synthase; skeletal muscle mitochondria REGULARLY PERFORMED endurance exercise can induce an increase in the capacity of skeletal muscle for aerobic metabolism. Biochemical studies have provided evidence that increases in the levels of the enzymes of fatty acid oxidation (3, 16, 19) , ketone oxidation (31), the citric acid cycle (16, 17) , and mitochondrial respiratory chain (3, 4, 8, 14) are responsible for the exercise-induced increase in muscle respiratory capacity. It appears that both the size and number of skeletal muscle mitochondria increase in response to exercise training (9, 20) and that there is a change in mitochondrial composition (for refs. see 15, 16 The work load for the initial 10 min of the run was 1.2 mph up a 15 % grade, after which it was increased to 1.5 mph up a 15 % grade for the remainder of the run. In this study, exhaustion was defined as the point when animals seemed unable to keep pace with the treadmill and avoid the shock grid at the rear of the treadmill. To avoid bias, a person who was not aware of the degree of training of the individual rats was assigned the task of determining the point of exhaustion. Blood was obtained from the rats' tails at the end of the run.
After run to exhaustion for the four groups of trained animals are shown in Table  1 . Blood glucose concentrations after the run to exhaustion were 76 mg/ 100 ml for the Tro, 60 mg/ 100 ml for the Ts 0,57 mg/ 100 ml for the TGO, and 6 1 mg/ 100 ml for the TrgO group. Blood lactate levels were not significantly elevated above control in any of the groups after the run to exhaustion.
Correlation between endurance and muscle respiratory capacity. Endurance, as reflected in the duration of the run to exhaustion, was significantly correlated (P < 0.001) with gastrocnemius muscle cytochrome c concentration and citrate synthase activity and with the 02 uptake capacity of gastrocnemius muscle homogenates. Figure 1 shows the relationship between endurance and the cytochrome c concentration (A) in gastrocnemius muscle (correlation coefficient of 0.79) and the O2 uptake capacity (B) of gastrocnemius (correlation coefficient of 0.69). Thirty-minute-long exercise test. The running programs resulted in significant glycogen supercompensation in the gastrocnemius muscle, but not in the liver, in all four trained groups (Table  2) . No significant differences were present between any of the resting exercise-trained groups with respect to muscle or liver glycogen concentration (Table 2 ). There was a trend for the amount of glycogen depleted from gastrocnemius muscle to vary inversely with the duration of training, but, because of the limited range of the changes in glycogen concentration, the intergroup differences are small. A striking effect of the level of training on the rate of glycogen depletion was seen in the liver, with, at one extreme, no depletion of liver glycogen stores in the Tr20 group, and, at the other extreme, an approximately 70 % decrease in liver glycogen in the Tlo group.
Blood glucose values were not low in any of the rats following the exercise test, averaging 123 =t 8 mg/ 100 ml in the Tjro, 120 rt 18 mg/lOO ml in the T30, 141 rt= 16 mg/lOO ml in the TcO, and 16 1 rt 18 mg/ 100 ml in the Trzo group compared to an average resting value of 160 mg/ 100 ml. Postexercise blood lactate levels were not significantly different from resting levels except in the Tro group in which the Fig. 2A , there was a significant correlation (P < 0.02) between the respiratory capacity of gastrocnemius and the concentration of glycogen remaining in the gastrocnemius after the standardized exercise test. There was also a significant correlation (P < 0.001) between the respiratory capacity of the gastrocnemius and the concentration of glycogen remaining in the liver after the exercise test (Fig. 2B) . Since the concentrations of glycogen in muscle and liver were not significantly different in resting animals in the four trained groups, we interpret the relationships shown in Fig. 2, A rats that had the greatest degree of muscle glycogen depletion had the least hepatic glycogen depletion and vice versa, suggesting that depletion of total-body carbohydrate stores might be a more meaningful measurement, in the present context, than either muscle or liver glycogen concentration. We, therefore, estimated the total amount of glycogen remaining in muscle plus liver in each of the rats that had been subjected to the exercise test. As shown in Fig. 2C , there is an excellent correlation (P < 0.001) between the respiratory ca.pacity of gastrocnemius muscle and the total amount of glycogen remaining in the liver plus the muscle after the exercise test. There was a similar close relationship ( r = 0.94, P < 0.001) between gastrocnemius cytochrome c concentration and total liver plus muscle glycogen remaining after the exercise test. The estimation of total muscle glycogen was based on the assumption that the weight of the muscles involved in the exercise was 60 g and that the response to the exercise test of the glycogen in this mass of muscle paralled that seen in the gastrocnemius. The value of 60 g was obtained by weighing the muscles of the foreand hindlimbs, as well as those muscles that cross the hip or the shoulder joints, in rats weighing approximately 350 g.
DISCUSSION
It was possible, in the present study, to vary the magnitude of the increase in skeletal muscle mitochondria induced by exercise over a twofold range in rats by varying the duration of their exercise sessions between 10 and 120 rnin per day. This wide range in adaptive response made it possible to correlate the levels of a number of mitochondrial markers, which were used as indicators of the concentration of mitochondria in skeletal muscle, with endurance and with FITTS, BOOTH, WINDER, AND HOLLOSZY glycogen depletion during exercise. In contrast to the report by Barnard and Peter (4), a highly significant positive correlation was found between how long the animals could run before they became exhausted and the levels of each of the mitochondrial markers measured in the present study. In the study by Barnard and Peter (4), guinea pigs were exercised on a treadmill, and the intensity of the training was increased each week until the 9th wk. This program resulted in a 39 % increase in cytochrome c concentration. Groups of three to five animals were tested and killed after 0, 3, 6, 9, and 12 wk. An increase in the duration of the run to exhaustion from 9 to 33 min occurred during the first 3 wk of training, while cytochrome c in gastrocnemius muscle did not increase significantly.
One factor that may have played an important role in this increase in running time probably relates to the fact that naive rodents will not exercise to exhaustion on a treadmill but have to first be thoroughly familiarized with treadmill running.
Since the pretraining group was exercised on the treadmill at a slow pace for 5-l 0 min only 3 times prior to the exercise test, we think it likely that these animals stopped running after 9 min for reasons other than exhaustion.
Additional factors such as an improvement in cardiac function and adaptive changes in the neuroendocrine system may also have contributed to the 3-wk. trained group's longer run time. Between 3 and 6 wk of training, significant increases occurred in both run time to exhaustion and gastrocnemius cytochrome c. However, no changes occurred thereafter; there were no significant differences in cytochrome c concentration or run time to exhaustion between the groups tested after 6, 9, and 12 wk. Clearly, in order to demonstrate a correlation between cytochrome c and endurance on a treadmill, a wide range of cytochrome c concentrations is needed, and all the animals tested must be thoroughly familiar with treadmill running. Barnard and Peter's (4) study did not meet these criteria. This may explain why they did not find a significant correlation between these variables.
The wide variation in the duration of the run to exhaustion of animals in the same groups in the present study, as reflected in the large standard errors of the means (Table  l) , points to a problem in the use of a run to exhaustion to evaluate the exercise capacity of rodents. Since determination of the end point is largely a subjective judgment made by the experimenter, it is often difficult to be sure that an animal has quit because of exhaustion rather than for some other reason. It, therefore, seems useful to also employ standardized exercise tests with fixed end points, in which the objective measurement of differences in metabolic response can be used to evaluate the level of training.
In the present study, glycogen depletion was the response used to evaluate the relative metabolic stress of the standardized, 30-min-long exercise test. The concentrations both of liver and of gastrocnemius muscle glycogen remaining after the test were significantly correlated with the respiratory capacity of skeletal muscle. However, the highest correlation was between total glycogen remaining in the liver plus the working muscles after exercise and leg muscle respiratory capacity. Since there were no significant differences between the four trained groups in the concentrations of liver and of muscle glycogen at rest, it seems clear that carbohydrate utilization during exercise was inversely correlated with the 
